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SECTION I

INTRODUCTION

The goal of this program is to improve the begin-

ning-of-life (BOL) AMO efficiency of silicon solar

cells without sacrificing the radiation resistance so

that a significant improvement in the end-of-life (EOL)

efficiency can be obtained. Solarex has elected to

use the vertical junction (VJ) cell structure for this

program since it results in cells that are more radia-

tion-resistant than other silicon structures. Therefore,

improvements in BOL efficiency will result in higher

EOL efficiency.

The vertical junction solar cell is made from a $
silicon slice with grooves etched into one surface.

Grooves on the order of 5 microns wide spaced 15 to

20 microns apart are etched in the surface in a regular

pattern. Figure 1 shows such a VJ structure. The

diode junction follows the surface of the silicon up

and down the walls. Since the walls are very narrow,

carriers generated in the walls by incident light are

always close to the collecting junction. Even if the

carrier diffusion length is reduced, carriers created

in the walls are able to traverse the short distance

to the junction and be collected. Therefore, the

1
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vertical junction cell has the inherent capability of

providing superior radiation resistance.

During this phase of the effort, vertical junction

cells have been fabricated with AMO efficiencies greater

than 15%. This improvement has been obtained by the

use of new geometries, improved BSF formation and the

use of double-layer AR coatings. The use of new cell

geometries has enabled the fabrication of cell assemblies

that can withstand thermal cycling and can be handled

and connected by conventional techniques. These charac-

teristics will allow VJ cells to be used in space arrays.

Thinning techniques have been employed to produce

VJ cells with as little as 75 microns of silicon below

the bottom of the grooves. This not only results in

lightweight cells but improves the radiation resistance

beyond that of a full-thickness VJ cell. This work

has also shown that a highly polished silicon surface

is not required for VJ fabrication: a standard chem-

mechanical polish is adequate for the required photo-

lithography.

The fabrication processes for VJ cells have been well

documented in the literature (References 1 through 3). A

brief description of the process techniques, with emphasis

3



on new developments or modifications, is presented in

Section II. These new developments have simplified

the process, providing for faster throughput and higher

yields.

During this phase of the program, theoretical

analysis has resulted in the development of computer-

generated I-V curves for specific cell geometries and

performance parameters. This modeling has aided in the

evaluation of candidate cell structures and has identi-

fied important performance-limiting mechanisms. Compari-

son of theoretical and experimental performance has led

to iterations in the modeling and identification of

areas where the model does not correctly predict device

performance. Section III describes the theory behind

the model, the mathematics behind the computer programs

and the predictions of the model for various cell struc-

tures.

The experimental results are described in Section

IV. Characteristics of a variety of VJ structures are

presented along with details of their performance after

particulate irradiation. In addition, valuable infor-

mation on cell assemblies such as optical performance

and thermal cycling data are presented.

4



The final section summarizes the developments of

this program to date and suggests the efforts to be

undertaken to reach the intermediate goal of 16% AMO

efficiency. It also assesses the effort required to

reach the program goal of 18% BOL AMO efficiency.

I
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SECTION 2

EXPERIMENTAL PROCEDURES

The techniques for formation of the vertical junction

structure have been developed during previous efforts (Refer-

ences 1, 2, 4). During this program, modifications have been

made to the process to improve cell performance, provide

the structural integrity to withstand thermal cycling,

simplify production requirements, and reduce cost and

substrate thickness. The following sections describe

(1) the formation of the VJ structure, (2) substrate

thinning, (3) cell fabrication and (4) coverslide pro-

cedures.

1. VJ STRUCTURE FORMATION

The process which has made the vertical junction

solar cell technically and economically feasible is the

orientation-dependent etch. Kendall (Reference 5) found that the

etch rate of silicon in KOH varies by a factor of up to

400 depending upon crystal orientation. The (111) plane

of silicon is more resistant to the etch than the

other crystal planes. Therefore, if silicon can be

properly aligned and masked before etching, the required

deep narrow grooves can be etched. If the silicon wafer

is cut along the (110) plane, the (111) planes are normal

to the surface. Aligning and etching this surface will

6



leave the vertical walls needed for the vertical junction

cell.

Therefore, VJ cells must use (110) wafers. It is

not practical to grow (110) ingots since this orientation

cannot be grown dislocation-free. However, (110) wafers

can be cut from either (111) or (100) ingots using x-ray

alignment. A (111) flat must be cut on each wafer as an

aid to later alignment during photolithography.

Because of the high-resolution photolithography

required to define the narrow grooves for etching, the

wafers must be smooth-surfaced. Initially, a highly

polished surface was obtained using a cupric nitrate

solution (Reference 6). However, it has now been found that

citon etch and chemical polish etchants such as CP-etch

leave a sufficiently smooth surface for the rejuired

photolithography.

Etching grooves into the silicon requires an effec-

tive alkaline etchant mask. This mask must be able to

withstand the etching solution long enough that grooves

of the required depth can be etched. In addition, the

formation of the etchant mask must not degrade the

silicon in any way. This has been accomplished by a

7



2-step process that includes a short heat treatment in

the presence of a phosphorous atmosphere followed by the

growth of oxide in steam, all at a temperature below

850 C.

The photolithography pattern must be aligned accurate-

ly to the (111) plane so that the orientation-dependent

etch will produce deep, narrow grooves. To accomplish

this, a flat mechanical stop is aligned optically to the

photolithography mask. The wafers are then held against

the stop while the resist is exposed.

The photoresist on the surface now acts as a mask

for the oxide etch. The etchant is 6 NH4F:l HF. The

etchant does not attack the photoresist or the silicon

but does remove all of the oxide. Several minutes of

etching removes the oxide from the windows with a minimum

of undercutting.

The orientation-dependent etchant found to

yield the best results is 30% KOH in H20 at 700

to 75C. With this etchant, grooves 4 mils deep

have been etched within one hour with a minimum increase

in groove width. The resultant walls are extremely



straight and parallel with square tops as shown in

Figure 2a.

The best radiation resistance requires maximum

wall area under the constraint of keeping the junction

within 5 to 10 microns of the core of the wall. It is

therefore advantageous to etch the narrowest grooves

possible. Etching experiments were conducted using

photolithography mask openings ranging from 1 to 10

microns in width. The results indicated that the narrow-

est practical mask opening was 2.5 microns. This groove

opening resulted in a final groove width (measured at the

top) of approximately 5 microns for groove depths between

25 and 75 microns. This information was used to design

a mask pattern with a groove opening of 2.5 microns and

a step-and-repeat distance of 17.5 microns (Figure 3).

This mask results in a VJ structure with grooves 5 to

6 microns wide and walls 12 to 13 microns wide.

After the orientation-dependent etch, the remainder

of the masking oxide is removed with an HiF etch.

Because of the "fake-diffusion" oxide growth, silicon

from the wall tops must be removed. An acid etch con-

taining a mixture of 1:3:8 (by volume) of 49% IIF, 70%

HNO3 and 98% CF 3COOII is used to remove a small amount

9
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of silicon. This etch rounds the wall tops and can be

used to improve the optical absorption of the surface.

Figure 2 illustrates the degree of rounding effected

by etches of varying duration.

Although the more rounded walls provide better optical

coupling (as shown in Figure 4), this structure has several

disadvantages including (1) the increased groove area

allows more of the light to impinge on the cell substrate

rather than the wall, resulting in poorer radiation resist-

ance, and (2) the narrower walls are more su'ceptible to

breakage during thermal cycling. Therefore, a short etch

(as shown in Figure 2b) has been employed for most cells,

with improved optical coupling provided by alternate medns

(namely double-layer AR coating).

2. CEII, F BPTCATTON

The orientation-dependent-etched silicon wafers are

fabricated into solar cells by processes similar to those

employed in the fabrication of planar cells. The unusual

features of the vertical junction cell (e.q. , exosuro, of

multiple crystal planes and the need to diffuse down n.re-,

grooves) have presented no substantial processinq prel]ins.

The process sequence is shown in the flow chart in "'iu ie .

The various steps are described in the followinki suh.ect ions.

13i
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a. Diffusion

The diffusion process is performed in a standard

quartz diffusion tube with the wafers mounted in a quartz

diffusion boat. The diffusion source is phosphine gas

flowing through the tube. Diffusion temperatures between

8400 C and 870 0 C have been utilized during a 12-to-16-

minute diffusion cycle. The sheet resistance is checked

on several samples to assure proper diffusion.

b. Al Paste BSF Formation

One of the major developments in cell processing has

been the use of Al pastes for the formation of the back

surface field. This technique results in a better

BSF that provides a higher open-circuit voltage and improved

long-wavelength response. One particular process technique

has been developed for use with the Englehard paste #A-34R4.

The paste is screened onto the rear of the wafer with a 200-

mesh screen. The paste is cured at 90 0C for 30 minutes in

air. Alloying is performed in a quartz diffusion tube in

air. The entry, alloy and exit times are extremely short,

with the entire process taking only a few mintues. Alloy

temperatures between 8000 and 900 0 C have been employed,

but the best results have been obtained with alloy tempera-

tures close to the diffusion temperature. The resultant

alloy products are removed by a hot HC1 etch and rinse.

17



C. Contact Formation

The contacts are formed by vacuum evaporation of

Ti-Pd and subsequent electroplating of Ag. The front

metallization pattern is formed using shadow masks aligned

so that the grid lines follow the ridges left for this

purpose during etching. Plated Ag carries the current

to the collection pads. A photograph of a 2 cm x 2 cm

VJ cell is shown in Figure 6.

d. Anti-Reflective Coating

A variety of anti-reflective coatings has been used

on the VJ cells including spun-on Ta 205 and e-beam evaporated

Ta205, TiOx, and double layers of Ta205/AI203, Ta205/MgF 2,

TiOx/Al203, and TiOx/MgF2. All of these materials have

proven to be adequate AR coatings. The most efficienct

cells to date have been made using a TiOx/MgF2 double-

layer AR coating. The results obtained using these AR

coatings are presented in Section 4.

3. Substrate Thinning

The (110) silicon wafers can be thinned down by etch-

ing in CP26 containing a 3:5:6 (by volume) mixture of 49%

HF, 70% HNO 3 and 98% of CH 3COOH. When properly activated,

this etchant can remove the silicon at a rate of approxi-

mately 1 micron/second. This etching technique has been

18



Figure 6 Photograph of 2 cm x 2 cm VJ CCII



used to thin silicon wafers from the standard 10 to 12

mils down to as thin as 4 mils. The surface that results

from the etch is smooth enough for the subsequent groove-

defining photolithography. Indeed, this is a polishing

etch; used directly on as-cut planar wafers, it results

in surface texture adequate for photolithography.

4. COVERSLIDING

Ceria-doped glass cover slides have been attached to

VJ cells using conventional Dow Corning silicone adhesives.

Attention must be paid to outgassing of the grooves so that

bubbles are not trapped in the adhesive. When covers were

applied to the initial VJ cell design walls (5 - 8 microns

thick with 75-micron-deep grooves), the assemblies could

not withstand thermal cycling (reference NTS-II, Solarex &

AFWAL in-house testing). Figure 7 shows the performance of

covered VJ assembly before and after 5 cycles between -196 0 C

and +1401C. Visual inspection of these cells indicates that

their walls crack during the thermal cycling. The new VJ

structure walls (12 - 14 microns thick with 25-micron-deep

grooves) have eliminated this problem. Cell assemblies

using the new VJ structure have been subjected to up to 10

such thermal cycles without measureable change in output

power. This new structure, therefore, has alleviated the

coversliding problem without the need for developing new

cover-slide techniques.

20
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SECTION 3

CELL MODELING

Typical first-order modeling of solar cell perform-

ance assumes a one-dimensional current flow. Because of

its complex structure, the VJ cell requires the develop-

ment of a two-dimensional current flow model. The approach

taken to develop the model is to (1) define the appropriate

equations and boundary conditions for carrier concentration

at every point in the cell, (2) develop a numerical tech-

nique to solve the set of equations, (3) employ a computer

to perform the numerical analysis, and (4) find the current

that such a carrier distribution would predict. Details

of the approach and the results for a variety of VJ cell

structures and parameters are given in the following

sections.

1. THEORETICAL ANALYSIS

The geometry of the VJ structure to be considered

in the model is shown in Figure 8. A number of simpli-

fying assumptions have been made:
+ +

1. The n and p regions are so thin that any

carrier generation in these regions can be

neglected.

22
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2. The concentration of light-generated minority

carriers in the p region is much denser than

the equilibrium concentration of these minority

carriers.

3. The electric field is confined to the depletion

region and can be ignored in the bulk p region.

In the bulk p region the diffusion equation can then

be written:

V2 n + G/D - n/L 2 = 0 (1)

where n = free electron density in p-type silicon, excess
above equilibrium value.

G = carrier generation rate due to illumination

D = diffusion constant

L = diffusion length of minority carrier

The following boundary conditions have been used:

o at the n +/p front junction:

n = n0 exp (Vq/kT). (2)

o at the p-p+ back junction there is a given surface

recombination velocity such that:

V n = nV /D. (3)

24



o at the symmetry boundaries designated by surfaces

C and D in Figure 8, the net flow of minority

carriers is zero:

Vn = 0. (4)

This set of differential equations must be solved

to determine values of the minority carrier concentration

at all points within the bulk. Then the current density

can be determined by solving for the current density

given by:

J = qDVn.
(5)

The value of the current density as a function of position

along the n+/p junction boundary must be found and the cell

current determined by integrating over the junction surface.

This technique is applicable to VJ cells at Air Mass Zero,

but may not be applicable at higher concentrations when the

current in the bulk generates an electric field that signifi-

cantly modifies the diffusive flow.

To solve the set of equations a numerical technique,

the relaxation method, has been implemented as a computer

program. In the relaxation method the region is divided

into discrete points and the equations are written in

25



terms of nearest-neighbor values. Figure 9 indicates

the type of labeling used for a particular point and

its adjacent neighbors. At point n.. the diffusion
1,j

equation can then be written:

(ni+l, j + ni.- 2n. /) Ax 2
1~~ -l,j 1,

+ (n i  + n -2n. .) 2
a,j+l i,j-I i,3

+ G./D - n. /L= 0 (6)1 ,J '

The deLermination of the generation rate, G, is based on

an algorithm that is repeated eight times. Two parameters --

the absorption coefficient and the incident photon density --

are changed each time the algorithm is repeated. In this

manner the air mass zero generation rate is approximated by

summing the results of eight discrete cases. The algorithm

traces both a vertical and a horizontal light path. In either

case the generation rate is increased at a lattice point based

on the amount of light extinguished when passing through the

silicon surrounding that point.

The vertical path begins at the wall top and at the

groove bottom, and is traced until reaching the back of the

cell. The photon density of the vertical ray at the groove

bottom is reduced from the full incident value by a certain

fraction which is assigned, in turn, to the horizontal com-

ponent. The horizontal component has a photon density equival-

ent to having the light spread across the entire groove wall.

26



The horizontal light path makes four transits across the groove

walls, then the light path moves vertically through the silicon

below the grooves. The four transits represents the fact that

light makes several transits across a wall whether it is in-

ternally reflected or exits the wall and enters the adjacent

wall.

At a boundary at least one of the adjacent points

is outside the lattice. The boundary conditions are

used to derive a value for this external point so that

the value of the center point can be calculated as usual.

Table 1 shows that, for the junction, the carrier density

is an exponential function of voltage; for a fixed re-

combination velocity, the external point carrier density

is a linear decrement of the central point value; and

for the lines of symmetry, the external and center values

are equal.

Equation 6 can be solved for n. . so that the carrier

density at the center point can be derived from the four

adjacent points in a way that is consistent with the

diffusion equation. The entire lattice is reconciled

this way, constituting one computer cycle. The carrier
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Table 1

CONTINUOUS AND DISCRETE REPRESENTATIONS OF BOUNDARY CONDITIONS

Continuous Discrete

Boundary Condition

at Junction n vn Vq/kT ne nj n (eVq/kT -1)

Boundary Condition

for Surface with

Recombination

Velocity, Vs  Vn = ls /D ne = n. j (1-(ArVs/D))

Zero Current

Boundary Vn - 0 n = n.e 1F3

Current at

Junction J = qDVn J = (ni' j - n,)qD/Ar

where ne = carrier density at an external point

n, = carrier density at junction

Ar = Ax or Ay depending on the direction of
displacement of two points

ni,j+l

S S .O

n i-lj ni,j ni+l,j

n i,j-i

Figure 9. Points Adjacent to n
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distribution converges to a steady state after several

hundred cycles.

2. I-V MODELING

This computer model has now been employed to generate

idealized (no series or shunt resistance included) I-V

curves for a variety of VJ structures using various materials

characteristics. Figure 10 shows the effect of diffusion

length on the I-V curves for one particular cell structure,

namely the old geometry with 7.5-micron-wide grooves and 7.5-

micron-wide walls. The curves are plotted for 25-micron and

75-micron-deep grooves. Figure 11 shows the effect of

diffusion length on the I-V curves for the new geometry with

12.5-micron-wide walls and 5.0-micron-wide grooves. The

curves are plotted for 25-micron and 75-micron-deep grooves.

Table 2 compares the two geometries. The new geometry

results in slightly higher efficiencies as long as the diffu-

sion length is longer than the wall thickness.

These curves (Figures 10 and 11) shows that:

o short-circuit current increases with increasing

groove depth

e open-circuit voltage decreases with increasinq

groove depth.
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These observations agree with the experimental results

given in Section 4. However, according to these computer-

generated curves, the maximum power is insensitive to the

groove depth for a given diffusion length. This has been

verified for cells with long diffusion lengths (before

irradiation) but, as is shown in Section 4., the cells

with deeper grooves are appreciably more radiation-resistant

than those with shallow grooves. This discrepancy may be

because the model assumed optical coupling is independent

of groove depth. In reality, the deeper the grooves, the

more light enters the walls. A more accurate optical coupling

model is now being developed.

Another parameter that has been investigated using

the computer model is the effect of the substrate thickness

on cell performance. Figure 12 shows the effect of sub-

strate thickness on the I-V curves of new-geometry cells

with 25-micron-deep grooves. For long diffusion lengths,

the thicker cells have higher current and lower voltage.

The model predicts that as diffusion length is reduced, the

differences between cells of varying substrate thickness

disappear. The experimental results, however, indicate

that while current does perform as predicted, voltage does

not: the cell voltages are independent of substrate thickness.

Therefore, thinner substrates result in cells with lower BOL

efficiency but with improved radiation resistance.
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The discrepancy between the model and the experimental

results appears to be due to the effect of the BSF. In all

probability, BSF cannot be modeled using a constant back

surface recombination velocity. The BSF is an active

junction and its performance can be affected by particulate

irradiation. The computer model is now being modified to
+

include an active p-p junction in an effort to correctly

model the dependence on substrate thickness.

The development of the two-dimensional computer model

has aided in the understanding and development of new VJ

structures. It has also indicated areas in which future

efforts are required to complete our understanding of the

mechanisms controlling cell performance. It is hoped that

continued effort in these areas will lead to improvements

in the design and performance of VJ cells.
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Table 2

COMPARISON OF COMPUTER MODEL PERFORMANCE

FOR OLD AND NEW GEOMETRY CELLS

75 Micron Deep Grooves For 2 cm x 2 cm Cell
2 U-cm Silicon
300 Micron Thick Substrates

Diffusion Old Geometry New Geometry
Length 7.511-7.511 12 .5p-5.Op

P 98 98 mW

max
250 1sc 191 194 mA

V 609 616 mVoc

P 88 89 mWmax

100 I 183 186 mAsc

V 585 580 mV
oc

P 77 78 mWmax
40 Isc 172 178 mA

V 550 546 mVoc

P 64 66 mWmax
16 I 158 164 mA

sc

V 510 505 mV
oc

Pmax 47 47 mW

6.4 I 130 128 mA
sc

V 460 460 mV
oc

P 25 21 mWmax
2.56 I 77 65 mA

SC

V 420 422 mV
oc
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SECTION 4

DEVICE PERFORMANCE

Vertical junction solar cells have been fabricated

with AMO efficiencies in excess of 15%. Several different

structures have been utilized to reach this power level.

Table 3 summarizes the materials and structural parameters

of the cells that have achieved the 15% efficiency level.

Table 3

Parameters of 15%-Efficient VJ Cells

Base Silicon: P Type, Boron Doped

110 Orientation

CZ Growth

10 to 12 Mils Thick

2 Q-cm Resistivity

Processing: Gaseous Phosphorous Diffusion

Al Paste BSF

Ti-Pd-Ag Front and Back

TiO2 - MgF 2 AR Coating

Geometry: 17.5 Microns Step and Repeat

2.5-Micron Groove Openings

;5.0-Micron-Wide Grooves

25- and 75-Micron-Deep Grooves

Cells 2 cm x 2 cm
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The I-V characteristics of these cells, including a

discussion of the dependence of cell performance on various

geometries, structures, and parameters are described in

Section 4.1. Section 4.2 discusses the results of a variety

of AR coating experiments. Section 4.3 details the results

of radiation testing, while Section 4.4 describes the optical

characteristics of these cells. Finally, Section 4.5 deals

with the subject of high-temperature contacts for solar cells.

1. I-V CHARACTERISTICS

The performance parameters of two 15%-efficient VJ cells

using two differing geometries are given in Table 4. From

these values, several important observations can be made:

a The high current densities show that there is

excellent light coupling into these VJ cells.

As predicted by the modeling, deeper grooves result

in higher currents.

* The open-circuit voltages for VJ cells are somewhat

lower than can be obtained for similarly processed

planar 2 Q-cm silicon cells, which typically exhibited

open-circuit voltages in the range of 610 to 620 mV.

As one would expect from their larqer junction area,

the deeper-grooved cells have a lower voltaqe than

the shallow-grooved cells.
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Table 4

Performance of 15% Efficient VJ Cells
at AMO and 250 C

25-Micron-Deep Grooves

I = 175 mA
sc

V = 597 mVoc

Max P = 82 mW (15.1%)

Isc Blue = 48 mA Corning #9788

I SC = 91 mA Corning #2408

FF = 78.5%

75-Micron-Deep Grooves

I 177 mA
sc

V oc 583 mV

Max P - 82 mW (15.1%)

Isc Blue - 49 mA Corning #9788

Isc Red = 92 mA Corning #2408

FF = 79.5%
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9 The fill factors are comparable with other high-

efficiency silicon solar cells, showing that the

metallization design is adequate. There is some

indication that the shallow-groove cells are

affected more by series resistance, due to their

smaller silicon surface being required to carry

the same total current. It may become necessary

to redesign the shallow-groove metallization pattern

somewhat, especially if higher currents are to be

obtained from these cells.

Using the thinning techniques reported in Section 3,

VJ cells on substrates as thin as 75 microns have been

fabricated. Table 5 lists the maximum power obtainable to

date for a variety of substrate thicknesses. It should be

noted that the 125- and 75-micron-thick cells reported here f
had only a single-layer AR coating, while the thicker cells

had a double-layer coating. It is estimated that with

similar processing, only a few milliwatts will separate

the thick and the thin cells.

Table 5

Thin-Substrate VJ Cells

Present Best Performance for 2 cm x 2 cm Cel]q

P
max

Thickness of Silicon (mW)
(Microns) at AMO

250 82

175 80

125 74

75 73
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To compare the effects of groove depth, substrate

thickness and bulk resistivity, an experiment was conducted.

Using identical processing, cells were fabricated of 2 -cm

and 10 Q-cm silicon using 250-micron and 175-micron-thick

wafers and etching 25-, 50- and 75-micron-deep grooves. The

results are shown in Table 6. The following observations

can be made:

" Short-circuit current is nearly insensitive to

bulk resistivity.

" Short-circuit current decreases with decreasing

substrate thickness.

" Open-circuit voltage decreases with increasing

bulk resistivity.

* Open-circuit voltage is unaffected by substrate

thickness.

" Open-circuit voltage decreases with increasing

groove depth.

These results indicate that the BSP does not reduce the

back surface recombination velocity to as low a value as was

assumed in the model described in Section 3.
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Table 6

Comparison of Electrical Performance

i sc (mA) V c(mV) P max(MW)

Resist. Groove Depth-
Thickness (ohm-cm) (Microns) 25 50 25 25 50 75 25 50 75

250 2 173 172 175 596 586 577 81 79 78
Microns

10 172 172 173 585 516 572 78 78 77

175 2 158 168 585 578 74 75
Microns

10 164 168 165 578 574 565 73 74 72

This experiment is continuing: a set of cells using

125-micron-thick substrates is now being fabricated. In addi-

tion, the model is being re-evaluated to determine a correct

model for the BSF. el

2. AR COATINGS

A variety of antireflective coatings have been employed

on VJ cells. The evaporated layers are applied perpendicular

to the surface (as for a planar cell) and the current increase

is consistent with that expected as a result of the increase

in absorption of the planar areas. The liquid AR coating

results in a thicker coating on the walls and improves the

current collected for non-perpendicular illumination. The

following subsections describe the various AR coating results.
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a. Single-Layer Vacuum-Evaporated Ta2 05

This is the standard space-quality quarter-wavelength

AR coating, with an index of refraction of 2.05 to 2.2.

The amount of current increase depends upon the geometry

of the VJ cell and is consistent with the presence of this

AR coating on the planar areas, and with 100% absorpotion of

light that enters the grooves. With this AR coating there

is still a minimum current loss of 6.1% due to reflection.

In addition, we have observed a loss of open-circuit voltage

upon application of the Ta205 coating. It is believed that

this is due to an increased front surface recombination

velocity caused by our particular technique for deposition

of the Ta 205. While all early VJ cells were fabricated

using a single-layer Ta205 AR coating, more recent cells

have used either TiO x single layers or multi-layer AR coatings.

b. Single-Layer Vacuum-Evaporated TiO x

TiO x is also a standard space-quality quarter-wavelength

AR coating with an index of refraction of 2.0 to 2.2. Once

again, the amount of current increase of VJ cells using it

is consistent with its presence on the planar areas and with

100% absorption of light that enters the grooves. Since it

is only a single-layer AR coating, there is still a minimum
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current loss of 6.1% due to reflection. However, there is

an increase in open-circuit voltage upon application of the

TiO . Therefore, recent samples have utilized TiO x rather

than Ta 2 05*

c. Liquid Ta 205

A commercially available Ta2 05 liquid AR material was

obtained from Allied Chemical Corporation. The liquid coat-

ings have been applied to VJ cells by spinning, spraying

and dunking. The absorption of coated cells was improved

over bare cells with each of these methods, but none of the

liquid AR coatings were as good as the best evaporated Ta 20 5

AR coatings. There is some evidence that the liquid AR does

increase absorption in the sides of the walls, however.

Figure 13 shows the short-circuit current of a VJ cell with

liquid AR coating as a function of angle of incidence. As

can be seen, the current is a maximum at an angle 150 from

normal. Vacuum-evaporated AR coated cells have exhibited

this phenomenon only after irradiation. It is therefore

possible that the liquid AR will increase the fraction of

light absorbed in the walls and therefore improve the radia-

tion resistance of the cells.

Finally, in an attempt to develop a coversliding tech-

nique for VJ cells, liquid AR material was used to fill in

the grooves. The cells, however, suffered severe loss in
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current (Figure 14), indicating that thick layers of

the AR coating are not transparent.

d. Double-Layer AR Coatings

Double-layer AR coatings can be utilized to further

reduce reflection from the silicon surface. With the proper

choice of materials, a double-layer AR coating can reduce

reflection so that less than 2% of the potential current

is lost due to reflection. Increases in current of up to

5% above single-layer-coated cells have been observed for

cells using double layers of TiO x and MgF 2 or Ta 20 5 and

MgF2. Figure 15 shows reflection versus wavelength for a

single-layer and double-layer AR coating on a VJ cell.

All of the highest efficiency cells (greater than 14.5%)

have employed double-layer AR coatings. At present, TiO x

is the preferred bottom layer because of the voltage problems

associated with Ta2 05

It should be noted that the TiOx-MgF 2 system is being

used as the best match between the silicon and air. The

best match for a filtered cell would require two layers with

higher index of refraction, namely 2.6 for the bottom layer

and 1.7 to 1.8 for the top layer. Future efforts in this

area will include the development of better double-layer AR

coatings with these indices.
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3. RADIATION RESISTANCE

Various VJ cells have been irradiated at NRL using

1 Mev electrons. Figure 16 shows the effect of substrate

thickness on radiation resistance for 10 Q-cm bulk silicon

with 25-micron-deep grooves. While the standard-thickness

VJ cells are more radiation-resistant than planar cells,

the thinner-substrate cells are even more radiation-resistant,

with the effect saturating below a 5-mil thickness. As can

be seen, this improved radiation resistance is entirely due

to the current collection. The VJ cells actually exhibit

more decrease in voltage than the planar cells, because the

VJ cells have a BSF while the planar cell does not. The

increased voltage degradation with increasing thickness

indicates that the p+ itself may be degraded by the irradia-

tion.

VJ cells of both 2 Q-cm and 10 Q-cm bulk resistivity

have been irradiated (Figure 17). Figure 17 indicates that

10 Q-cm cells are more radiation-resistant than 2 0-cm cells.

This data was taken after a 40-hour post-irradiation anneal

at 60 0C. The cells were also measured before this anneal.

The power output of the 2 Q-cm cells was almost identical

to the 10 i-cm cells before the anneal, but the 2 Q-cm cells

did not recover after the anneal while the 10 Q-cm cells did

recover significant power. The current of the 10 Q-cm VJ

49
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is much more radiation-resistant than the 2 P-cm cells, but

the situation is reversed for voltage: the 10 P-cm cells

are less radiation-resistant. The voltage performance of

the 2 P-cm VJ dell is actually more radiation-resistant

than the planar control.

The effect of groove depth on radiation resistance is

shown in Figure 18. The deep-groove cells have appreciably

better radiation resistance than the shallow-groove cells,

although even shallow (25-micron-deep) grooves result in a

significant improvement in radiation resistance over planar

cells. Most of the increased radiation resistance of deep-

groove cells is due to current collection. The voltage,

however, of 2 P-cm VJ cells is also more radiation-resistant

with increasing groove depth. Figure 19 shows that a thin,

shallow-groove VJ cell using 10 P-cm silicon is nearly as

radiation resistant as a thicker deep-groove VJ cell using

2 Q-cm silicon. Therefore, by proper choice of structure

it may be possible to tailor a VJ cell's design to the par-

ticular mission.

4. OPTICAL CHARACTERISTICS

The vertical junction structure results in a higher

absorptance and emittance than seen for planar cells.

Table 7 summarizes the results of such measurements on

new-geometry cells with 25-, 50- and 75-micron deep grooves.
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Table 7

OPTICAL PROPERTIES OF NEW-GEOMETRY CELLS
WITH CERIA-DOPED COVERS

Groove
Depth

(Microns) CH C a/CH

25 0.857 0.921 1.07

50 0.854 0.94 1.10

75 0.854 0.929 1.09

The c/e ratios are typical of those obtained from

planar (violet type) cells and are appreciably lower than

those obtained from pyramid-textured cells (Reference 7).

Therefore, under equivalent deployment conditions the VJ

cells will operate at a lower temperature than other high-

efficiency textured cells.

5. HIGH-TEMPERATURE CONTACTS

Typically, silicon solar cells for space applications

have metallization contacts of Ti-Pd-Ag or Cr-Au-Ag. These

contact systems cannot operate at temperatures above 4500c,

even for short periods, without penetration of the junction

and subsequent loss of fill factor. This temperature limit

is quite restrictive in light of present requirements for

cells that can have electrostatic bonded covers applied,
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can be annealed after radiation damage and can be hardened

against laser damage. This section describes our preliminary

efforts to develop a cell metallization that can withstand

a high-temperature soak at 600 C for 5 minutes in vacuum.

The metal placed in contact with the silicon must not

penetrate the surface at 600 0 C, but must make good electrical

and mechanical contact with the silicon. Materials commonly

considered for solar cell metallization include Ti, Pd, Cr,

Ag, Ni and Cu, but all will penetrate the junction at 600°C.

To date, we have identified one material, Ta, that can be

used as the material in contact with the silicon without

degrading cell characteristics. The Ta provides adeauate

electrical and mechanical contact to the cell, but only if

sintered at temperatures above those usually employed for

contact sintering. Our Ta contacts would not pass a tape

peel test until the sinter temperature was increased to

6000 C. At this temperature a 30-second sinter was sufficient

to provide excellent contact adhesion. Ta is easily oxidized

at elevated temperatures and so must either be sintered in

a vacuum or covered with an inert material during the sinter

step.

A primary requirement for the bulk of the metallization

is its ability to carry the required current. Ag, Cu, and

Au are three of the highest-conductivity materials and will
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withstand 6000 C without melting. These materials have

been investigated; each offers some distinct advantages

and disadvantages.

Ag

Advantages:

" Highest conductivity

" Easy to solder or weld

" Vast experience in its use for space cells

Disadvantages:

e At 600 0 C Ag cracks and flows due to surface tension.

Experiments in both air and vacuum at 600 0 C result

in both vacuum-evaporated and electroplated silver

cracking and forming localized mounds. This phenomenon

has been observed with silver deposited directly on

Si or deposited on layers of Ta, Ti, Pd and Ti-Pd

beneath it on the Si surface.

Cu

Advantages:

* Second highest conductivity (only 5% less than silver)

* Inexpensive

* Easy to solder or weld

* Does not deform or flow at 600 0C

Disadvantages:

e Easily oxidizes

* Penetrates a thin layer of Ta at 600 C
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Au

Advantages:

* Extremely inert -- humidity- and oxidation-resistant

e Very high melting temperature

0 Easy to bond

Disadvantages:

e Lower conductivity (only 2/3 that of Ag)

o High cost. Plating Au onto a 2 cm x 2 cm cell costs

approximately $0.87 per cell (compared to a metalli-

zation cost of $0.18 per 2 x 2 cm cell for Ti-Pd-Aq).

Future efforts are geared to developing Cu and Au as

viable contact materials. To use copper, an adequate barrier

between the Cu and Si must be found; for Au, an adequate

transition material between Ta and Au must be found that

can be Au plated.
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SECTION 5

CONCLUSIONS

Vertical-junction solar cells have now been fabricated

with efficiencies nearly as high as any other silicon solar

cell (15%). Their enhanced radiation resistance means that

VJ cells are now the silicon cell with the best end-of-life

efficiencies available. The fabrication of VJ cells with

thin substrates shows that lightweight radiation-resistant

arrays can be made using these cells.

Future work on this program will include:

" Research and development on cell fabrication and

design to increase the cell efficiency.

" Development of the computer model to correctly

understand the optical coupling and BSF operation.

* Testing of the various VJ structures to provide

more information on the mechanisms limiting per-

formance.

The intermediate program goal of 16% AMO efficiency

is within reach in a short time frame. The near-term

efforts designed to reach this goal are:
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9 The use of a higher-index double-layer AR coating

to improve optical absorption.

* The incorporation of a back surface reflector to

improve long wavelength response.

9 The use of additives in the Al paste to imprcvu

the voltage.

9 The redesign of the metallization pattern for shallow-

groove cells to minimize series resistance losses in
+

the n region.

These modifications are straightforward and will be

implemented in the near future.

The goal of 18% AMO efficiency has not yet been achieved

by any silicon solar cell. Techniques we plan to implement in

reaching for this goal include:

* Ion implantation and subsequent anneal to provide
+ +

a more uniform doping density (for both n and p

region).

e Oxidation of the n+ surface to reduce the front

surface recombination velocity.

o Texturing of the VJ surface to improve the optical

absorption.
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e Use of higher-purity starting silicon to take

advantage of a longer diffusion length.

These efforts are more highly speculative than those

required to reach to 16% goal. Any or all of them may

not prove effective or may be too costly, but each will be

assessed during the latter stages of the program.

6
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